Abstract The swarming behaviour of a Baltic littoral mysid shrimp, Neomysis integer, was studied both in the presence and absence of a predator (European perch, Perca fluviatilis L.). I performed two kinds of laboratory experiments. First, the swarming tendency of mysids and the effect of swarm size on swarm choice were studied. Second, the ingestion rate of mysids was measured when feeding alone versus in a swarm. The results indicate that N. integer actively join swarms. The avoidance of the perch by N. integer individuals was stronger when there was a swarm present. Larger swarms were preferred over smaller ones regardless of presence or absence of the predator. The overall feeding rate was similar when feeding alone and in swarm, but predator cues reduced feeding rate only when the mysids were feeding alone. This study demonstrates the capability of N. integer to assess predation risk and social context and alter their behaviour accordingly.
Introduction
Aggregation of individuals is a common and widely studied phenomenon in aquatic, as well as terrestrial environments (e.g., Alexander 1974; Ritz 1994) . Uneven distribution of organisms may be caused by external factors, such as hydrodynamics in aquatic environments (Allredge and Hamner 1980) , or aggregation of resources, such as food (Zelickman 1974) . It may also be caused by internal factors, where individuals actively seek the company of others, i.e., they are social (Alexander 1974; Ritz 1994) . Aggregations can be classified according to their organization and structure or apparent purpose, and terms such as aggregation, cluster, breeding aggregation, limited distribution, shoal, swarm, and school are commonly used to differentiate between them (Clutter 1969; Mauchline 1971) . The possible functions of aggregations are numerous, including maintaining a suitable position in the habitat (Clutter 1969; Ritz 1994) , energetic benefits (Hough and Naylor 1992; Herskin and Steffensen 1998; Ritz 2000) , as well as enhanced feeding (Eggers 1976; Ritz 2000) and reproduction (Clutter 1969; Ritz 1994) .
Perhaps the most important function of aggregating is, however, that it reduces predation risk (e.g., Brock and Riffenburgh 1960; Zelickman 1974; Ohman 1988; Magurran 1990; Ritz 1994) . A predator encounters dispersed prey more often than if the same number of prey is aggregated; aggregation thus reduces the encounter frequency with predators (Brock and Riffenburgh 1960; Clutter 1969) . Also, the consumption capacity of the predator is often limited: when the predator is confronted with a large group of prey, it is capable of consuming only a fraction of them, which is called the dilution effect (Major 1978; Ohman 1988; Foster et al. 2001) . Especially, in combination, these two factors effectively reduce individual predation risk (Turner and Pitcher 1986) . Members of a group may also benefit from collective vigilance, provided that the information of an approaching predator is transmitted to others (reviewed in Magurran 1990; Ritz 1994) . Also, the predator is often confused when confronted with multiple prey objects similar in size and appearance, and thus, has difficulty in choosing a single prey individual upon which to attack (Major 1978; Ritz 1994) . The confusion may be easier to overcome if some individuals are odd in appearance (Landeau and Terborgh 1986; Lima and Dill 1990) , which may lead to size-assortative aggregations (Peuhkuri 1997) . Many social species are also capable of performing coordinated avoidance and escape manoeuvres in a group (Clutter 1969; Major 1978; O'Brien and Ritz 1988) .
Many species of mysid shrimps (Mysidacea) show aggregative behaviour (Clutter 1969; Mauchline 1971) . Neomysis integer (Leach), the most widespread mysid species in the Baltic Sea (Kö hn et al. 1992) , inhabits shallow brackish waters and forms huge and dense aggregations in the littoral zone, especially in spring and autumn (Mauchline 1971; Arndt and Jansen 1986; Kö hn et al. 1992; pers. obs.) . Local densities can reach 600 individuals m -2 (Kö hn et al. 1992) . These aggregations are highly integrated and can be classified as mysid swarms, i.e., individuals are not necessarily oriented in parallel as in schools (Mauchline 1971; Hough and Naylor 1992) . When solitary, N. integer avoids being detected by predators (reviewed in Ohman 1988; Lima and Dill 1990) by reducing feeding and swimming activity in the presence of a predator (Lindé n et al. 2003) .
The benefits of swarming and schooling on the individual predation risk of aquatic organisms, including mysids, are well documented (reviewed in Magurran 1990; Ritz 1994) . The focus of previous studies has, however, been on the behaviour of individuals within existing aggregations, and on the antipredator benefits of being a member of such aggregations. The motivation to form aggregations, the actual behavioural decisions made by individuals, and the reasons and cues leading to these decisions, have not been examined so far. The aim of this study was to clarify if N. integer individuals actively seek to join a swarm, and if their swarming behaviour is affected by predation pressure. I hypothesized that (1) N. integer prefer to join a swarm, especially in the presence of predators, (2) N. integer prefer larger swarms, especially in the presence of predators, and (3) the feeding rates of N. integer are less affected by the presence of predators when feeding in a swarm than when feeding alone.
Methods

Sampling
The experiments were conducted in Tvä rminne, SW coast of Finland, in the northern Baltic Sea. The mysids were collected from the littoral zone at daytime before each experiment using a beach seine. They were transported to the laboratory within 30 min from collection in ambient seawater. The mysids were kept at ambient water temperature (9-12°C) in 10 lm filtered seawater in aerated 30-l containers in light/dark period of 16/8 h. They were fed wild-caught zooplankton. Brine shrimp (Artemia sp.) nauplii, which were used as food in the ingestion experiments, were hatched at 26°C in 20 psu salinity. The predators, adult European perch (Perca fluviatilis L.) (ca. 15 cm in total length), were caught with a fish trap from a shallow bay and kept in filtered seawater in 80-l aerated containers at ambient water temperature for at least 8 h before the beginning of the experiments. The fish were fed mysids and released back to the sea after the experiments.
Experiments
Swarming experiments
The experiments were conducted to study the effects of predator cues and swarm size on the swarming tendency of mysids. The experiments were conducted in June 2004 and performed in a 100-l rectangular tank (length 100 cm · width 50 cm · depth 30 cm), at ambient water temperature (8-9°C). The bottom and walls of the tank were white to reduce disturbance and to avoid reflections. The tank was divided into three compartments (Fig. 1) . The middle part (length 40 cm · width 50 cm · depth 30 cm) was the experimental arena, which was separated from both end compartments (each 30 cm · 50 cm · 30 cm) by transparent 200 lm mesh net. The preference of the focal mysid for either end compartment was determined as the time spent by the mysid within 6 cm from either net wall. This distance was determined according to Walesby (1973 , as cited in O'Brien 1989 who reports the critical distance for interaction between N. integer individuals to be 3.5 body lengths, which corresponds to ca. 5.32 cm for the mysids used in this study. The 6 cm distance from the net walls was marked with a line drawn on the bottom of the tank. Schooling tendency of fishes has been studied by a similar experimental approach (e.g., Ward et al. 2004; Timmermann et al. 2004) .
To study swarming tendency, the mysids were offered four different pairs of choices. The tank was filled with 10 lm filtered seawater, and the set-up was as illustrated in Fig. 1a . First, both compartments were empty. Second, a swarm of mysids (100 individuals) was placed in one of the end compartments, and the other end compartment was empty. Third, a perch was placed in one of the end compartments so that visual, chemical, and possibly also hydromechanical cues of the perch could freely dissipate through the net wall to the focal mysid, and the other end compartment was empty. Fourth, there was a swarm of 100 mysids in one end compartment and a perch in the other.
To study the effect of swarm size on swarm choice, the set-up was as illustrated in Fig. 1b . There was a smaller swarm (50 mysids) in one end compartment and a larger swarm (500 mysids) in the other. In the predator cue treatment, the tank was filled with water from the perch containers and two aquaria, each containing a perch, were placed on either side of the experimental arena, so that the perch were clearly visible to the focal mysid. In the control treatment, the tank was filled with 10 lm filtered predator-free seawater and two empty aquaria were placed on either side of the experimental arena.
Each choice pair was replicated five times and performed in randomized order. Neither perch, focal mysid nor mysids in the stimulus swarm(s) were offered food during the experiments. The experiments were started by placing the swarm(s) and/or perch in the end compartments, and placing the focal mysid in a transparent plastic tube (diameter ca. 8 cm) standing in the middle of the experimental arena for 5 min. After the acclimation period, the tube was gently lifted so that the focal mysid was free to move around, and the focal mysid was observed for 15 min. To minimize disturbance, the observer stood very still behind black curtains surrounding the tank and observed the focal mysid above the upper rim. The total time spent within 6 cm of either net wall by the focal mysid was recorded. Between replicates the focal mysid, mysid swarm(s), perch, and the water were changed. The end compartments in which the stimuli were placed were randomized to control for any side preferences of the focal mysids. A total of 20 individuals of the focal mysids used in the experiments were randomly selected and measured (total length) to the nearest millimetre and dried at 60°C for ca. 12 h, after which their dry weight was measured. The length (mean ± SD) of N. integer individuals was 17.10±1.55 mm and dry weight 4.52±1.24 mg.
Ingestion rate experiments
The ingestion rate experiments were made to compare the effects of predator cues on mysid feeding rates when feeding alone or in a group of 20 individuals. The experiments with single mysids were performed in cubic 1-l aquaria (width 10 cm · depth 10 cm · height 10 cm) and the experiments with 20 mysids in rectangular 20-l aquaria (26 cm · 37 cm · 20 cm) at ambient temperature (9-12°C). The experiments with single mysids were made in May and July 2004, and experiments with 20 mysids in May 2004. To standardize the hunger level, the mysids were not fed for at least 8 h before the beginning of the experiments and were held in 10 lm filtered seawater in aerated containers. Brine shrimp nauplii (50 l -1 ) were picked under a binocular microscope with a pipette and transferred to each aquarium. One or 20 mysids were carefully added to each aquarium using a small sieve.
In control treatments, the aquaria were filled with 10 lm filtered seawater, without any predator cue. In predator cue treatments, both chemical and visual cues were present: the aquaria were filled with water from the perch container and an aquarium containing a perch was placed next to the experimental aquarium so that the perch was clearly visible to the mysids. The experiments with single mysids were replicated 10 and the experiments with 20 mysids 5 times and performed in randomized order. The experiments lasted ca. 1 h and were ended by removing the mysids from the aquaria, after which the aquaria were emptied through a 20 lm sieve. The remaining brine shrimps were preserved using acid Lugol's solution and counted under a dissecting microscope to estimate the feeding rate of the mysids. Prey depletion in the experiments with one mysid was ca. 50% in the absence and ca. 26% in the presence of predator cues, and in the experiments with 20 mysids ca. 69% and 55%, respectively. The remaining prey densities are higher than the naturally occurring densities of zooplankton in the study area (Viitasalo et al. 1995) , and thus prey depletion was not taken into account when interpreting the results. The carbon content of brine shrimps was taken from Gorokhova (1999) and the ingestion rate of mysids was calculated as lg C individual -1 h -1 . A total of 20 individuals of the mysids used in the experiments were randomly selected and measured (total length) to the nearest millimetre and dried at 60°C for ca. 12 h, after which their dry weight was measured. The length (mean ± SD) of N. integer individuals was 14.40±2.56 mm and dry weight 3.08±1.54 mg.
Statistical analyses
In the swarming tendency experiments, to test for differences in preferences of mysids within each choice pair (percentage of time spent in the vicinity of either end compartment), I used paired samples t-test for dependent samples, for the choice pair ''swarm-perch'' after arcsin transformation.
The data of the effect of swarm size did not fulfil the assumptions for parametric tests and therefore the differences in the preference of mysids for smaller and larger swarms (total time spent in the vicinity of either end compartment) were tested for statistical significance with nonparametric Wilcoxon signed ranks tests. The significance of the predator cues for the preference of either the smaller or larger swarm was tested with the non-parametric Mann-Whitney U-test.
The effects of swarming and of the presence of a predator on the ingestion rate of mysids were tested for statistical significance with two-way analysis of variance (ANOVA), followed by Tukey HSD test.
Results
Swarming tendency
Neomysis integer preferred the swarm to an empty end compartment (t-test: t = 2.792, df = 4, P = 0.049) or to the perch compartment (t-test: t = 5.430, df = 4, P = 0.006). The mysids did not show any significant preferences for either end compartment in the treatment pairs ''emptyempty'' (t-test: t = -0.017, df = 4, P = 0.987) and ''empty-perch'' (t-test: t = 1.998, df = 4, p = 0.116) (Fig. 2) .
Effect of swarm size
In both presence and absence of predator cues, the mysids preferred the larger swarm to the smaller swarm (Wilcoxon in both cases: Z = -2.366, P = 0.018) (Fig. 3) . Predator cues did not affect the time spent near smaller (MannWhitney: U = 41.5, P = 0.468) or larger swarm (Mann-Whitney: U = 47.5, P = 0.848).
Ingestion rate
The ingestion rate was significantly higher when the mysids were feeding in a swarm (ANOVA: F 1,26 = 9.161, P = 0.006) and significantly lower in the presence of predator cues (ANOVA: F 1,26 = 7.547, P = 0.011) (Fig. 4) . The interaction of predator cues and swarming was not significant (ANOVA: F 1,26 = 0.386, P = 0.540). The reduc- Aquat Ecol (2007) 41:299-307 303 tion in ingestion as a response to the presence of predator cues was significant when feeding alone (Tukey HSD: df = 26, P = 0.034) but not when the mysids were feeding in a swarm (Tukey HSD: df = 26, P = 0.570). Similarly, the ingestion did not differ significantly between mysids feeding alone or in a swarm, both in the presence (Tukey HSD: df = 26, P = 0.071) and absence of predator cues (Tukey HSD: df = 26, P = 0.344).
Discussion
Neomysis integer individuals tried to join the stimulus swarm whenever one was present. This kind of active swarming behaviour has been found also in other mysid species (Steven 1961; Ritz 1994) , as well as fishes (e.g., Peuhkuri 1997; Timmermann et al. 2004) . Swarming tendency was evident also in the absence of a predator, indicating that it is not just an immediate response to predation risk but true sociality, which is also expressed in other mysid species (Clutter 1969; Ritz 1994) , including Neomysis mirabilis (Zelickman 1974) . The avoidance of the predator, i.e., preference for the end compartment opposite to the predator, was stronger when there was a swarm present in that end compartment, which could reflect the fact that stragglers, i.e., individuals separated from a swarm, are at biggest risk to be preyed upon (Parrish 1989; Lima and Dill 1990; Ritz 1994) . Also, all positions within the main body of the swarm are not equally beneficial: peripheral individuals are more likely to be attacked (Major 1978; Magurran 1990 ; but see Parrish 1989 ), but they escape the low oxygen and high CO 2 concentrations that can develop in the core of a dense aggregation (McFarland and Moss 1967) . Leading individuals may get more and better food (Eggers 1976; DeBlois and Rose 1996; Ritz and Metillo 1998) , but spend more energy in swimming (Herskin and Steffensen 1998) . Since the focal individuals were unable to truly join the stimulus swarm, the preferences of N. integer related to positions within the swarm could not be assessed.
Regardless of predator presence, N. integer individuals preferred the larger swarm, as has been found also in fish (Lima and Dill 1990; Reebs and Saulnier 1997) . The predation risk of an individual has been shown to decline as the group size increases (Major 1978; Magurran 1990; Ritz 1994 ). In addition, it is easier to respond uniformly when the swarm is larger (O'Brien and Ritz 1988). The predator often aims to break up the cohesive prey aggregation, and the larger the initial size of the aggregation, the fewer individuals will become separated from the main group (Zelickman 1974; Parrish 1989; Foster et al. 2001) . Although the densities in the stimulus swarms used in this study were both very high due to the limited dimensions of the experimental tank, with ca. 333 individuals m -2 in the smaller swarm and ca. 3,333 individuals m -2 in the larger one, these swarms of 50 and 500 individuals are both very small compared with the numbers of individuals recorded in N. integer swarms in nature (Kö hn et al. 1992; Aaser et al. 1995; Søndergaard et al. 2000 ). An order difference, nevertheless, proved to be sufficient to demonstrate the preference of N. integer for larger swarms. In some mysid species, there is a threshold for the number of individuals before they aggregate (Steven 1961; Zelickman 1974; Ritz 2000) . In this study, however, 50 mysids formed a distinct swarm during the acclimation period. , mean + SE) of N. integer on Artemia sp. when single (n = 10) and in a swarm of 20 individuals (n = 5), in absence and presence of predator cues. Asterisks denote the result of Tukey HSD test, where significances are as in Fig. 2 There are also some costs associated to swarming. Predators may detect large aggregations of prey more easily than single prey (Brock and Riffenburgh 1960; Magurran 1990; but see Clutter 1969) , or be attracted to large aggregations (Ohman 1988) . Also, swarming may not be effective against all types of predators, for example those that group themselves (Major 1978; Ritz 1994; Foster et al. 2001) , ambush predators (Flynn and Ritz 1999) and those using mechanisms other than vision to locate and capture their prey (Magurran 1990; Ritz 1994) . During the night, in turbid waters or in other conditions of poor visibility, swarming may be disadvantageous (Brock and Riffenburgh 1960) , and in fact mysid (Buskey 2000) and fish (Brock and Riffenburgh 1960) aggregations often disintegrate to some extent under such conditions. Social behaviour can also inflict costs to group members through increased competition for resources (Alexander 1974; Magurran 1990; Ritz 1994) , energetic disadvantages (Buskey 1998) , and increased transmission of diseases and parasites (Alexander 1974) .
Many authors conclude that there is a tradeoff between the antipredator benefits of swarming and efficient feeding (Eggers 1976; Reebs and Saulnier 1997; Ward et al. 2004 ). In habitats with lower predation pressure, swarming is generally less pronounced (Seghers 1974; Timmermann et al. 2004 ). This trade-off does not appear to hold for N. integer. Ingestion rate in a swarm was similar, if not slightly higher, to the ingestion rate alone. Also, other studies have confirmed that food can be located and utilized more effectively in a group (Ritz 1994; Foster et al. 2001) . Ritz (1994) reports that the mysid Paramesopodopsis rufa has a higher feeding rate in a larger swarm, and the difference is even greater under the threat of predation. Similarly, N. integer in the present study did not suffer a reduction in the ingestion rate due to predator cues when feeding in a swarm, as when feeding alone. As group size increases, however, interference and competition between group members as well as prey depletion become more intense (Lima and Dill 1990; Ritz 1994) . Thus, the feeding advantage observed in this study with a relatively small swarm may not be relevant in nature, where the swarms of N. integer may be much larger (Kö hn et al. 1992; Aaser et al. 1995; Søndergaard et al. 2000) . In addition, this study was conducted with Artemia nauplii, which have much poorer escape capabilities than the natural prey of N. integer, e.g., copepods (Viitasalo et al. 1998; Clarke et al. 2005) . Hence, the interference between mysid individuals in a swarm would presumably be larger when the mysids are chasing evasive copepod prey.
Experimental conditions can have large effects on the feeding rate of mysids. Important factors may be the size of the container (Cooper and Goldman 1982; Gorokhova and Hansson 1997) and the density of both prey and predators (Hansson et al. 2001 ). In the current study, the ingestion rate of the swarm was measured in larger aquaria than that of single mysids, but in both treatments the density of prey (brine shrimp nauplii) and mysids was the same. Thus, any density-dependent effects, either preydependent or ratio-dependent (Arditi and Saïah 1992; Hansson et al. 2001) , on the ingestion rate of mysids do not explain the differences between the treatments. A better explanation is that N. integer individuals were able to assess their vulnerability and ambient predation risk, and when positioned in a swarm, dedicated more time to feeding than to being vigilant for predators, as discussed above. The feeding of N. integer under predation risk is more efficient in a group, even in the potentially stressful experimental environment.
Mysid swarms are maintained primarily by vision, although hydromechanical cues can also be utilized, and the role of chemical cues cannot be ruled out (Steven 1961; Zelickman 1974; Buskey 2000) . Invertebrates do not have a lateral line, which is of major importance in schooling of fishes (Partridge and Pitcher 1980; Timmermann et al. 2004 ), but they are able to detect similar cues through statocysts and other mechanosensory receptors (reviewed in Ritz 1994 ). The present study does not give evidence about the sensory modalities used in swarming by N. integer, since all three kinds of information were available to the focal mysid. In predator detection, both chemical and visual predator cues are used (Lindé n et al. 2003 ).
To summarize, N. integer actively join swarms, both in the presence and absence of a predator. Individuals avoid the predator more strongly when it is possible to join a swarm. Larger swarms are preferred over smaller ones. The feeding of mysids is at least as efficient in a swarm as alone, and predation risk does not affect their feeding rate. This study demonstrates that N. integer individuals are capable of assessing their social context, i.e., solitary versus swarm, as well as ambient predation risk, and adapting their behaviour, including feeding activity, accordingly.
